The principal bridge connecting the erythrocyte membrane to the spectrin-based skeleton is established by band 3 and ankyrin; mutations leading to reduced bridge formation or increased bridge rupture result in morphological and mechanical abnormalities. Because membrane mechanical properties are determined in part by the protein interactions that stabilize the membrane, we have evaluated the rates of rupture and reattachment of band 3-ankyrin bridges under both resting and mechanically stressed conditions. To accomplish this, we have examined the rate of ankyrin displacement from inside-out vesicles by the hexahistidine-tagged cytoplasmic domain of band 3, cdb3-(His) 6 and the rate of substitution of cdb3-(His) 6 into endogenous band 3-ankyrin bridges in resealed erythrocytes in the presence and absence of shear stress. We demonstrate that 1) exogenous cdb3-(His) 6 displaces endogenous ankyrin from IOVs with a half-time and first order rate constant of 42 ؎ 14 min and 0.017 ؎ 0.0058 min ؊1 , respectively; 2) exogenous cdb3-(His) 6 substitutes endogenous band 3 in its linkage to ankyrin in resealed cells with a half-time and first order rate constant of 12 ؎ 3.6 min and 0.060 ؎ 0.019 min ؊1 , respectively; 3) cdb3-(His) 6 -mediated rupture of the band 3-ankyrin bridge in resealed cells results in decreased membrane mechanical stability, decreased deformability, abnormal morphology, and spontaneous vesiculation of the cells; and 4) the above on/off rates are not significantly accelerated by mechanical shear stress. We conclude that the off rates of the band 3-ankyrin interaction are sufficiently slow to allow sustained erythrocyte deformation without loss of elasticity.
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, respectively; 3) cdb3-(His) 6 mediated rupture of the band 3-ankyrin bridge in resealed cells results in decreased membrane mechanical stability, decreased deformability, abnormal morphology, and spontaneous vesiculation of the cells; and 4) the above on/off rates are not significantly accelerated by mechanical shear stress. We conclude that the off rates of the band 3-ankyrin interaction are sufficiently slow to allow sustained erythrocyte deformation without loss of elasticity.
In its simplest representation, the human erythrocyte membrane is thought to be comprised of a two-dimensional cortical membrane skeleton connected to a lipid bilayer by multiple protein-protein and protein-lipid interactions (1) . Several lines of evidence suggest that the protein-protein interactions within the membrane skeleton are essential for membrane stability, including data demonstrating that rupture of individual protein linkages can lead to membrane instability (2) (3) (4) (5) and deficiencies in specific skeletal components can yield misshapen and poorly deformable cells (6 -10) . Similar evidence supporting the importance of membrane-to-skeleton bridges derives from mechanical studies showing that deletion, reduction, or mutation of major bridging components can result in mechanically and morphologically compromised cells (2, 4) . In virtually all well characterized membrane mechanical defects, a reduction in either the number or affinity of critical protein-protein associations has been documented.
Although the equilibrium binding constants for most protein-protein interactions in the human red cell membrane have been reported, little information is available on the dynamics of the same protein-protein associations. Such dynamics are, however, very important because the "on" and "off " rates of major protein interactions determine the elasticity versus plasticity of a cell (11) . Thus, any membrane that is stabilized by slow off rate constants in its protein scaffold will be unable to rearrange during short periods of deformation. This resistance to rearrangement will result in the membrane's elastic return to its original morphology upon removal of the external deforming force. In contrast, a membrane whose architecture is stabilized by structural interactions with rapid off rate constants will adopt the newly imposed morphology during periods of deformation, displaying essentially plastic behavior. Because the red cell must frequently pass through blood vessels that are less than half its ϳ8-m diameter, it seemed important to characterize the off rate constants of the most structurally critical interactions in order to determine their contributions to the elastic and plastic properties of the cell.
In a recent publication (12) , the dynamics of the spectrin dimertetramer interaction were reported. Importantly, the rate of dissociation of this critical linkage was found to occur on an intermediate time scale, permitting some rearrangement of the membrane spectrin skeleton during periods of extended deformation but protecting the cell from plastic deformation during normal transit through the vasculature. Unfortunately, although the major bridge between the lipid bilayer and the spectrin skeleton, mediated by the band 3-ankyrin-spectrin linkage, is also known to be critical for cell morphology and stability (4) , no information is available on its association dynamics. In this report, we have undertaken to characterize the rate of dissociation of this membrane-to-skeleton bridge in both inside-out membrane vesicles and resealed erythrocytes. We report that the off rate constant of the band 3-ankyrin bridge is also intermediate in magnitude and that movement of band 3 from one skeletally attached ankyrin to another should only occur if the membrane deformation is sustained for several minutes.
EXPERIMENTAL PROCEDURES

Materials
Blood was drawn into acid citrate anticoagulant from consenting donors and used within a week. Pepstatin A, leupeptin, phenylmethylsulfonyl fluoride (PMSF), 2 and diisopropylfluorophosphate were purchased from Sigma. C 12 E 8 was obtained from Nikko Chemical Co., and Iodo beads were from PerkinElmer. All other reagents were of the highest purity available. 6 from Escherichia coli BL21 (DE3) pLysS Cells-Frozen stock of E. coli BL21 (DE3) harboring the recombinant cdb3-(His) 6 plasmid was used to express cdb3-(His) 6 , as described elsewhere (13) . Briefly, a miniculture was initiated by inoculating the transfected bacteria into 10 ml of 2xYT medium containing 100 g/ml ampicillin, and the cells were grown at 37°C with shaking (220 rpm) for 12-16 h. 10 ml of miniculture were then transferred into 2 liters of 2xYT medium containing ampicillin (100 g/ml) and were grown at 37°C with shaking (220 rpm) until the medium reached an A 600 ϳ0.70. Isopropyl-B-D-thiogalactopyranoside was added to a final concentration of 1 mM, and cells were harvested after 3 h by centrifugation at 9000 rpm (Sorvall SLA 1500). Cell pellets were weighed and resuspended in 2-5 ml/g of ice-cold lysis buffer (50 mM Tris, 2 mM EDTA, 2 mM EGTA, 0.5 mM DTT, 5% w/v sucrose, 5% v/v Triton X-100, pH 8.0) containing protease inhibitors (0.5 mM diisopropylfluorophosphate, 20 g/ml PMSF) and 10 g/ml lysozyme. The resuspended cells were mechanically disrupted in a French press and centrifuged at 12,000 rpm (Sorvall SS34) for 20 min at 4°C. The supernatant containing the soluble cdb3-(His) 6 was loaded onto a Ni 2ϩ precharged chelating Sepharose column pre-equilibrated with binding buffer (10 mM imidazole, 300 mM NaCl, 50 mM NaH 2 PO 4 , pH 8.0). After loading, the column was washed with washing buffer (20 mM imidazole, 300 mM NaCl, 50 mM NaH 2 PO 4 , pH 8.0), and cdb3-(His) 6 was eluted with elution buffer (250 mM imidazole, 300 mM NaCl, 50 mM NaH 2 PO 4 , pH 8.0). Fractions containing cdb3-(His) 6 were pooled, analyzed for purity by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and stored in 50% glycerol at Ϫ20°C.
Methods
Expression and Purification of cdb3-(His)
Iodination of cdb3-(His) 6 -Briefly, two Iodo beads were washed thoroughly in PBS (140 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , and 1.8 mM KH 2 PO 4 , pH 7.4) and dried on filter paper before use. 500 l of PBS and 0.2 mCi of 125 I were added to the beads in a 1.5-ml Eppendorf tube. The mixture was allowed to sit at room temperature for 5 min, after which 1 mg of cdb3-(His) 6 or ovalbumin was added. The mixture was allowed to incubate at room temperature for 15 min; unreacted 125 I was removed with a desalting column (PD10). Protein concentration was determined by bicinchoninic acid protein assay, and radioactivity was measured in a Packard Cobra ␥ counter.
125
I-labeled proteins were stored at 4°C and used within 2 weeks.
Preparation of Inside-out Erythrocyte Membrane Vesicles (IOVs)-Briefly, leaky ghosts were prepared from packed red blood cells by hypotonic lysis in 50 volumes of ice-cold Buffer A (5 mM NaH 2 PO 4 , 0.5 mM EDTA, pH 7.4) supplemented with 80 g/ml PMSF and 0.5 mM diisopropylfluorophosphate. This lysis step was repeated until pellets appeared white. Leaky membranes were then depleted of spectrin and actin by dilution with 40 volumes of 0.5 mM EDTA, pH 8.0, (supplemented with 0.5 mM DTT, 80 g/ml PMSF, and 0.5 mM diisopropylfluorophosphate) and incubation in a 37°C water bath for 30 min with shaking. After pelleting the IOVs, the incubation step was repeated before a final wash with ice-cold Buffer A. The resulting IOVs were resuspended in Buffer A, (containing 0.5 mM DTT, 20 g/ml leupeptin, 20 g/ml pepstatin A, and 80 g/ml PMSF) and stored on ice.
Displacement of Ankyrin from IOVs by cdb3-(His) 6 -IOVs (250 g of protein) were incubated for 90 min at 37°C on a gently rotating platform with various concentrations of native or heat denatured cdb3-(His) 6 (0, 2, 5, 10, 15, and 20 M) in a total volume of 250 l of Buffer A. Samples were layered onto 2-ml 25% w/v sucrose cushion and centrifuged for 25 min at 19,500 ϫ g. Pellets were solubilized with SDS (2% w/v final) and protein concentrations determined by bicinchoninic acid assay to establish controlled loading for SDS-PAGE analysis by Laemmli. One gel was stained with Coomassie Blue to visualize protein bands (Fig. 1A) . The other was transferred onto nitrocellulose and probed by Western blot analysis with an antiankyrin antibody (Fig. 1B) , according to the manufacturer's instructions (Amersham Biosciences).
Analysis of the kinetics of ankyrin displacement by cdb3-(His) 6 from IOVs followed a similar procedure except IOVs (250 g of protein) were incubated with cdb3-(His) 6 , denatured cdb3-(His) 6 , or ovalbumin (15 M) for different time intervals up to 150 min. Membranes were processed as described above and analyzed on 4 -15% linear gradient gels; protein bands were visualized with Coomassie Blue (Fig. 1C) . The ankyrin and band 3 bands were quantified using a Prestol Image program, and ankyrin/band 3 ratios were calculated and plotted as a function of time (Fig. 1D ). Ankyrin/band 3 ratios in untreated IOVs were set at 100%, and all other ratios are reported relative to that value.
Analysis of cdb3-(His) 6 Substitution into the Band 3-Ankyrin Bridge of Leaky Erythrocytes-Fresh erythrocytes were lysed in 40 volumes of ice-cold Buffer A, and the resulting leaky red ghosts (662 g/ml) were mixed with different concentrations of cdb3-(His) 6 (400 l final). After equilibrating on ice for 60 min, the suspension was brought to isotonicity by addition of 150 mM NaCl, 1 mM MgCl 2 , and 0.5 mM DTT and allowed to reseal at 37°C for 45 min. The resealed red ghosts containing entrapped cdb3-(His) 6 were then washed with PBS to remove extraneous cdb3-(His) 6 , resuspended in 500 l of PBS, and mixed with an equal volume of 2% C 12 E 8 in PBS supplemented with 0.5 mM DTT, 20 g/ml leupeptin, 20 g/ml pepstatin A, 0.5 mM EDTA, and 80 g/ml PMSF. The resulting detergent mixture was layered onto a 12-ml 35% w/v sucrose cushion and centrifuged at 19,500 ϫ g for 90 min to separate soluble membrane components from detergent-insoluble membrane skeletons. To collect the insoluble membrane skeletons, the tubes were inverted and allowed to thoroughly drain; the residual pellet was solubilized in 2% w/v SDS. The protein concentration of each sample was determined by bicinchoninic acid assay, and equal concentrations of membrane skeletons were analyzed by SDS-PAGE and Western blotting as described above; however, a polyclonal antibody to cdb3 rather than ankyrin was used (data not shown).
Similar experiments were conducted with leaky red erythrocytes (130 g of protein) resealed in the presence of 78 g of 125 I-cdb3-(His) 6 or 125 I-ovalbumin (125 l final) to more quantitatively determine the rate and magnitude of cdb3-(His) 6 substitution into cell architecture. A ␥ counter was used to measure the amount of 125 I-cdb3-(His) 6 retained in each membrane skeleton sample (Fig. 2A) .
Microscopic Observation, Membrane Stability, and Deformability Measurements-After resealing leaky ghosts with the desired concentrations of cdb3-(His) 6 , the morphology of the unfixed cells, which were stained with Nile red, was observed by both differential interference contrast and fluorescence microscopy (Fig. 4) . For analysis of the mechanical properties of the same resealed ghosts, packed ghosts were suspended in 35% w/v dextran-phosphate buffer (6.34 mM Na 2 HPO 4 , 2.00 mM NaH 2 PO 4 , 0.04% NaN 3 , pH 7.4, 290 MosM adjusted with NaCl) for membrane stability studies and 45% w/v stractan-phosphate buffer (6.34 mM Na 2 HPO 4 , 2.00 mM NaH 2 PO 4 , 0.04% NaN 3 , pH 7.4, 300 MosM adjusted with NaCl, 22 centipoise) for membrane deformability measurements. Membrane stability and deformability were then assessed by ektacytometry as described by others (3, 15) . Briefly, for stability measurements, suspended cells were subjected to a constant high shear stress (785 dynes/ cm 2 ), and the decline in deformability index (DI) with time was recorded. This decline in deformability constitutes a measure of the shear-induced fragmentation of the ghosts, and its halftime (t1 ⁄ 2 ) can be used to compare the mechanical stability of similar membrane preparations. To achieve fragmentation, shear stresses in vast excess of those found in the vasculature were used. For deformability measurements, suspended cells were subjected to increasing shear stresses (0 -250 dynes/cm 2 ) at constant osmolarity (300 MosM), and the ellipticity of the deformed cells in the flow field was quantified by laser diffraction, measuring the DI. A measurement of DI as a function of applied shear stress can provide information on membrane flexibility. 6 Displacement of Ankyrin from IOVs-Before determining the kinetics of dissociation of the band 3-ankyrin bridge in IOVs, it was necessary to estimate the concentration of cdb3-(His) 6 that would lead to maximal displacement of endogenous ankyrin under equilibrium conditions. For this purpose, IOVs were incubated for 90 min at 37°C with increasing concentrations of cdb3-(His) 6 , and the residual ankyrin in the IOV pellet was evaluated by immunoblot analysis (see "Experimental Procedures"). A maximum of 60% of the endogenous ankyrin was readily displaced from the membranes at high cdb3-(His) 6 concentration (Fig. 1A) . Because displacement was nearly maximal were incubated with various concentrations of cdb3-(His) 6 as described under "Experimental Procedures." Membranes were centrifuged at 19,500 ϫ g through a 25% w/v sucrose cushion to remove unbound protein; the resulting pellets were examined by SDS-PAGE and stained with Coomassie Blue. B, an immunoblot of an equivalent SDS-PAGE gel was probed with polyclonal anti-ankyrin antibody to visualize the release of ankyrin with increasing cdb3-(His) 6 concentration. These results are representative of two independent trials, each performed in duplicate. C, the kinetics of ankyrin displacement from IOVs by cdb3-(His) 6 were examined by incubating IOVs (250 g of protein) with 15 M soluble cdb3-(His) 6 for various times. Membranes were isolated as above, and the resulting pellets were examined by SDS-PAGE and stained with Coomassie Blue; the ankyrin bands (ϳ215 kDa) are denoted with a rectangle. D, ankyrin and band 3 bands were quantified, and ankyrin/band 3 ratios were plotted as a function of time. The ratio from IOVs incubated in the absence of cdb3-(His) 6 was normalized to 100%, and all other ratios were determined relative to that value. Ovalbumin (F) and denatured cdb3-(His) 6 (Ⅺ) served as two independent controls (15 M) for the cdb3-(His) 6 samples (f). The plot represents the average of four independent trials. at 15 M cdb3-(His) 6 , this concentration was used in all subsequent studies of the kinetics of ankyrin displacement. We do not know why 60% of the endogenous ankyrin is displaced by cdb3-(His) 6 under the conditions of our assay, but similar results were obtained by Fairbanks and Carter (16) . Conceivably, a fraction of our IOV preparation may be right-side-out vesicles as reported by Khan (17) ; alternatively, some of the membrane-bound ankyrin could be associated with other membrane proteins, such as Rh, RhAG, CD44, or Na ϩ /K ϩ ATPase (18 -21) . To evaluate the rate at which the predominant fraction of IOV-bound ankyrin dissociates from the membrane, we examined the kinetics of ankyrin release from IOVs in the presence of 15 M cdb3-(His) 6 . Ankyrin release from IOVs occurred gradually over a 150-min time course. Densitometry measurements (Fig. 1D) revealed that the dissociating population released from IOVs with a first order rate constant of 0.017 Ϯ 0.0058 min Ϫ1 and t1 ⁄ 2 of 42 Ϯ 14 min. Further, as noted above, only 60% of endogenous ankyrin was displaced during the 150-min incubation at 37°C. However, that this displacement required a physiological interaction with cdb3-(His) 6 was demonstrated by the fact that neither heat-denatured cdb3-(His) 6 nor native ovalbumin could displace ankyrin from the IOVs (Fig. 1D) . Taken together, these results suggest that at least a fraction of the band 3-ankyrin complexes undergo slow reversible dissociation equilibrium on the membrane, at least when restraining interactions with other membrane proteins are absent. 6 Displacement of Ankyrin in Resealed Erythrocytes-Because any ankyrin that might dissociate from band 3 in an intact cell will likely be retained in the vicinity of its band 3 site on the membrane by interactions with other membrane proteins (e.g. spectrin, protein 4.2, CD47), in order to obtain a more physiological assessment of the reversibility of the band 3-ankyrin interaction it was necessary to obtain equilibrium and kinetic data on ankyrin displacement in resealed erythrocytes. For this purpose, various concentrations of cdb3-(His) 6 were resealed into freshly lysed human red cells, and displacement of ankyrin from its interaction with band 3 was evaluated by measuring incorporation of the exogenous cdb3-(His) 6 into the membrane skeletal complex. That is, if it is assumed that the majority of ankyrin in the intact cell is associated with band 3, then insertion of exogenous cdb3-(His) 6 into the band 3-ankyrin-spectrin bridge should only occur as endogenous band 3-ankyrin interactions are replaced with interactions between exogenous cdb3-(His) 6 and ankyrin. For quantitation of this process, resealed erythrocytes containing entrapped 125 I-cdb3-(His) 6 were incubated for various periods of time and then plunged into 2% C 12 E 8 detergent solution. After pelleting the extracts through a 35% w/v sucrose cushion to separate the detergentresistant membrane skeletons from unbound proteins, the content of 125 I-cdb3-(His) 6 in these skeletons was measured by ␥ counting.
RESULTS
Concentration Dependence and Kinetics of cdb3-(His)
Substitution of 125 I-cdb3-(His) 6 into the membrane skeletal complex of resealed erythrocytes was near maximal at 15 M free 125 I-cdb3-(His) 6 (data not shown). When this same concentration of 125 I-cdb3-(His) 6 was employed to study the kinetics of the insertion process ( Fig. 2A) , rupture of the endogenous band 3-ankyrin bridge was found to occur with a rate constant and t1 ⁄ 2 of 0.060 Ϯ 0.019 min Ϫ1 and 12 Ϯ 3.6 min, respectively. That this retention of 125 I-cdb3-(His) 6 in the extracted membrane skeletons derived from a specific association is demonstrated by the absence of significant retention of 125 I-ovalbumin when resealed and processed under the same conditions. Further, when substitution of 125 I-cdb3-(His) 6 into the skeletal complex was competed with a 5-fold excess of unlabeled cdb3-(His) 6 , retention of 125 I-cdb3-(His) 6 was reduced significantly (Fig. 2B) . In aggregate, these data suggest that substitution of cdb3-(His) 6 into the membrane skeletal complex is both specific and reversible and that the process is relatively slow on a molecular time scale. 6 Incorporation into the Band 3-Ankyrin Bridge-To evaluate the effect of shear stress on the kinetics and magnitude of cdb3-(His) 6 insertion into resealed erythrocyte membrane skeletal complexes, resealed cells containing cdb3-(His) 6 were subjected to a constant but mild (to prevent fragmentation of the cells) shear force of 109 dynes/cm 2 for different lengths of time. Because erythrocytes deformed by shear stresses below the threshold 204 dynes/cm 2 maintain normal physiological function (22), we suggest that these conditions mimic those that FIGURE 2. A, kinetics of incorporation. Freshly lysed, leaky erythrocytes were incubated with 78 g of radiolabeled 125 I-cdb3-(His) 6 (f) or 125 I-ovalbumin (F) for the indicated times, and then membrane skeletons were prepared by detergent extraction and centrifugation. Radioactivity of the pellets was counted to determine the amount of protein incorporated. The rate constant and t1 ⁄2 of cdb3-(His) 6 incorporation was found to average 0.060 Ϯ 0.019 min Ϫ1 and 12 Ϯ 3.6 min from three independent trials. B, reversibility of incorporation via competition. Freshly lysed, leaky erythrocytes were incubated with two different concentrations of 125 I-cdb3-(His) 6 (2 and 13 M) and treated as above with the following exception: the cells were lysed again and incubated with a 5-fold excess of non-radiolabeled cdb3-(His) 6 prior to preparation of detergent-extracted membrane skeletons. might occur in vivo. After plunging the shear-stressed cells into C 12 E 8 , retention of cdb3-(His) 6 in the detergent-resistant skeletons was evaluated as described above. Somewhat to our surprise, no significant enhancement of cdb3-(His) 6 incorporation was seen over the 50-min duration of the stress relative to unstressed cells (Fig. 3) . Thus, the rate of cdb3-(His) 6 substitution into the membrane skeletal complexes in stressed cells was 0.049 Ϯ 0.031 min
Impact of Shear Stress on the Magnitude and Kinetics of cdb3-(His)
Ϫ1
, which is within experimental error of the same rate seen for unstressed cells. This observation suggests that mild shear forces do not significantly influence the off rate of the band 3-ankyrin interaction in situ.
Impact of cdb3-(His) 6 Substitution into the Band 3-Ankyrin Bridge on Membrane Shape, Size, Stability, and DeformabilityMicroscopic visualization of erythrocytes resealed with increasing amounts of cdb3-(His) 6 (Fig. 4) revealed that cells containing relatively low amounts of cdb3-(His) 6 appear largely normal, whereas erythrocytes resealed with Ն10 M cdb3-(His) 6 initially become echinocytic and ultimately bleb off membrane vesicles. These observations suggest that the erythrocyte membrane is significantly destabilized by rupture of the band 3-ankyrin bridge. To confirm the hypothesized destabilization, the stability of the resealed cells was examined by measuring their rates of fragmentation during exposure to a constant high shear stress. For this purpose, resealed ghosts containing different concentrations of cdb3-(His) 6 were resuspended in a 35% w/v dextran-phosphate buffer and their rates of fragmentation were evaluated by monitoring the decrease in DI with time in an ektacytometer (15) . As seen in Fig. 5A , increasing amounts of entrapped cdb3-(His) 6 led to accelerated fragmentation. When all t1 ⁄ 2 s for maximal fragmentation were plotted from each of the curves in Fig. 5A , a half-maximal concentration for membrane destabilization was estimated to be 7 M cdb3-(His) 6 (Fig. 5B) . Membrane deformability was also measured by subjecting the resealed ghosts, resuspended in 45% w/v stractan-phosphate buffer, to increasing shear stresses and measuring the axial ratio of the deformed cells (designated as the DI) by laser diffraction (23) . Increased incorporation of cdb3-(His) 6 into the membrane structure leads to a loss of deformability, possibly due to enhanced membrane fragmentation (Fig. 5C ). These results demonstrate that incorporation of cdb3-(His) 6 into the band 3-ankyrin bridge leads to decreased membrane stability, decreased deformability, and spontaneous vesiculation of the membranes.
DISCUSSION
As summarized in the Introduction, the balance between membrane elasticity and plasticity depends in large part on the FIGURE 3. Effect of shear stress on the kinetics of cdb3-(His) 6 incorporation. Freshly lysed, leaky erythrocytes were incubated with 9.3 M cdb3-(His) 6 , resealed, and immediately subjected to a constant minimal shear stress (109 dynes/cm 2 ) for the indicated times. Membrane skeletons were prepared by detergent extraction and centrifugation and analyzed by SDS-PAGE. A, an immunoblot of an equivalent SDS-PAGE gel was probed with anti-cdb3 antibody to visualize the rate of incorporation. B, Cdb3-(His) 6 content in skeletons was quantified and expressed as fractions relative to staining density of pure cdb3-(His) 6 . This rate of incorporation does not, however, differ significantly from that obtained under non-stressed conditions. off rates of the membrane's major protein-protein interactions. We have provided evidence that the band 3-ankyrin dissociation constant in erythrocytes is 0.060 Ϯ 0.019 min Ϫ1 (t1 ⁄ 2 ϭ 12 Ϯ 3.6 min), regardless of the presence or absence of shear stress. Because the mean transit time of an erythrocyte through a capillary is less than a few seconds, the kinetics appear too slow to allow the average band 3-ankyrin interaction to break and reform with an adjacent partner during membrane distortion in the microvasculature. Instead, most band 3-ankyrin linkages that exist before the erythrocyte enters a capillary persist as the cell exits the capillary, assuring that the biconcave morphology of the red cell is maintained throughout circulation.
The absence of a significant effect of membrane deformation and shear stress on the kinetics of band 3-ankyrin dissociation was not expected. Thus, Mohandas and colleagues (12) have shown that shear stress measurably impacts the dissociation equilibrium of the spectrin dimer-tetramer interaction. However, although membrane deformation in response to shear stress might be expected to force a realignment of spectrin filaments as a consequence of the change in the axial ratio of the cell, there is no reason to suspect that significant vertical stresses, pulling the spectrin skeleton away from the lipid bilayer, will be equally strong. Indeed, the ability of band 3 to diffuse laterally in the membrane bilayer in response to lateral mechanical forces might prevent measurable strain from accumulating on the band 3-ankyrin interaction. As a consequence, the rate of substitution of exogenous cdb3-(His) 6 into the endogenous band 3-ankyrin bridge might be relatively insensitive to lateral deforming forces.
Although the band 3-ankyrin interaction might not be exposed to the same mechanical forces the spectrin skeleton experiences during cell deformation, linkage of band 3 to ankyrin would still appear to be important to membrane mechanical stability. Thus, as seen in Figs. 4 and 5, substitution of cdb3-(His) 6 into the endogenous band 3-ankyrin bridge not only renders the cell less stable during exposure to shear stress but also leads to an altered morphology and subsequent vesiculation under non-stressed conditions. These results are consistent with earlier observations of Van Dort et al. (4) showing that rupture of the band 3-ankyrin bridge upon addition of either a band 3-binding domain of ankyrin or an antibody to cdb3 also yields mechanically weakened cells. The data also support the contention that the dimer of band 3 can bind ankyrin with moderate affinity. Although much previous evidence has argued convincingly that the predominant binding site of ankyrin on the membrane is the tetramer of band 3 (24 -26) , the ability of the cdb3 dimer to compete for the endogenous band 3-ankyrin interaction requires that the dimer of band 3 can exhibit moderate affinity for ankyrin (14) . Taken together, the above data suggest that the band 3-ankyrin bridge dissociates too slowly to allow membrane rearrangement during normal passage through the microvasculature, and that if rupture of the band 3-ankyrin bridge is allowed to occur, membrane instability will ensue.
